pyrene is released during the reduction of gemini micelles into monomeric thiol surfactants upon the addition of dithiothreitol DTT , which is commonly used to cleave the disulfide bond into free thiols 8 . Moreover, the produced thiol surfactants return to the original disulfide-linked gemini form in aerated solution. Therefore, control of surfactant aggregation will lead to controlled release of the solubilized substances in the micelles. Didodecyldimethylammonium bromide DDAB is a wellknown surfactant that aggregates into vesicles 9, 10 .
However, DDAB has no stimuli responsive groups in its amphiphilic structure. If vesicles are used as drug carriers, controlled release of the solubilizates is desired. Stimuli responsive surfactants can be designed to enable the release of the loaded solubilizates from a vesicle.
In this study, we focused on pH responsive vesicle formation of thioester surfactants. The thioacetate groups at the terminal part of the hydrophobic chain are hydrolyzed by equimolar NaOH, leading to an increase in the hydrophobicity and elimination of the hydrophilic thioester moieties. The deprotected thiol groups will be slowly oxidized into disulfide bonds in alkaline solution, resulting in the generation of a hydrophobic disulfide-linked gemini surfactants. Hence, an increase in the hydrophobicity along with deprotection will aid the pH responsive growth of vesicles. We examined the aggregation behavior of thioester and disulfide-linked surfactants generated by hydrolysis and oxidation process. The conductivity, fluorescence probe and light scattering methods were utilized to evaluate not only critical micelle concentration cmc but also critical vesicle concentration cvc . The conductivity measurements and high-performance liquid chromatography HPLC analysis were conducted to monitor the hydrolysis of the thioester. The dynamic light scattering method DLS was used to determine the diameters of the aggregates, which were compared with those of double tailed surfactants.
EXPERIMENTAL PROCEDURES

Materials
C 12 H 25 N CH 3 2 CH 2 n SCOCH 3 Br C 12 nSAc, n 4, 11 was prepared by refluxing N,N-dimethyldodecylamine Tokyo Kasei Kogyo and an equimolar amount of S-4-bromobutyl thioacetate or S-11-bromoundecyl thioacetate Sigma-Aldrich in acetonitrile for 6 h. After the evaporation of acetonitrile, the products were washed with acetone and were purified by recrystallization from petroleum ether. C 12 H 25 N CH 3 2 CH 2 12 SCOCH 3 Br C 12 12SAc was prepared by refluxing N,N-dimethyldodecylamine and an equimolar quantity of 1,12-dibromododecane Tokyo Kasei Kogyo in ethanol for 6 h, followed by the reaction with an equimolar amount of potassium thioacetate in ethanol for 24 h with stirring, as shown in Scheme 1. After removal of the precipitated KBr, the products were washed with acetone and were purified by recrystallization from petroleum ether. The C 12 nSAc systems were preserved under reduced pressure over P 2 O 5 . DDAB Tokyo Kasei Kogyo and dodecyltrimethylammonium bromide DTAB, Tokyo Kasei Kogyo were purified by recrystallization from acetone. 6-Methoxy-N-3-sulfopropyl quinolinium SPQ, Dojindo Labo. and DTT Wako Pure Chemical Industries, Ltd. were used as received.
Measurements
Aqueous solutions of the surfactants were prepared by sonication for 5-10 min and then equilibrated for 24 h at 25 . The conductivities of the aqueous surfactant solutions were measured using a DS-52 HORIBA conductivity meter. The fluorescence spectra of 10 6 M SPQ in surfactant solutions were measured in the range 340 -500 nm under excitation at 346 nm using a Hitachi F-2700 spectrophotometer. The intensities of SPQ fluorescence at 443 nm were recorded as well as the intensity of light scattering at 346 nm. DLS measurements were performed using an SZ-100 HORIBA system to determine the diameter of the aggregates. The produced surfactants were analyzed by HPLC, as reported previously 11 . A TSKgel ODS-100V
TOSOH column was used with a methanol/30 mM sodium 1-octanesulfonate 90:10 mixtures as the eluent. The elution of the surfactant was detected based on the absorption at 210 nm and electrical conductivity.
RESULTS AND DISCUSSION
3.1 Monolayer vesicle formation from thioester surfactants The conductivity method was used to determine the cmc of the thioester surfactant in comparison with that of a conventional cationic surfactant. Figure 1 a shows the conductivity curves for aqueous solutions of DTAB and C 12 4SAc plotted against the surfactant concentration. The experimental data showed linear plots at concentrations below the cmc. The slope corresponding to C 12 4SAc monomer was identical to that of DTAB. The ratio of the slopes above and below the cmc, S 2 /S 1 , has been used as a measure of the degree of micellar ionization 12 . The S 2 /S 1 value for C 12 4SAc was similar to that of DTAB, suggesting the formation of typical micelles. The cmc of 6.3 mM for C 12 4SAc was lower than 14.9 mM of DTAB owing to the hydrophobicity of the four methylene groups in the second alkyl chain. Figure 1 b shows the conductivity curves for aqueous solutions of DDAB, C 12 11SAc and C 12 12SAc plotted against the surfactant concentration. The slope for the conductivity curve gradually decreased with increasing surfactant concentration. The presence of two inflection points has been reported for double tailed surfactants 13 .
The S 2 /S 1 value for DDAB was 0.51 above the cmc, suggesting the presence of smaller aggregates, but those decreased drastically to 0.07 with increasing surfactant concentration. The first inflection point corresponded to the cmc of 0.23
Scheme 1 Preparation of cationic surfactant containing a thioester group in the terminal of hydrophobic alkyl chain.
mM, while the second inflection point corresponded to the cvc of 0.63 mM for the DDAB vesicle with significant counterion binding. Both C 12 11SAc and C 12 12SAc systems showed similar trends in the conductivity curves, with the presence of two inflection points. The cmc of C 12 11SAc was about three times higher than that of DDAB owing to the presence of the polar thioester group, which could form hydrogen bonds with the adjacent water molecules. The second inflection point of C 12 11SAc was nearly four times higher than that of DDAB, whereas the slope of the conductivity curve was almost identical with that of DDAB, suggesting vesicle formation with significant counterion binding. The cmc of C 12 12SAc was about half of that for C 12 11SAc owing to the hydrophobicity of the methylene group. This suggested that the hydrophobic contribution of a methylene group in the second alkyl chain is fair agreement with that in the main alkyl chain. Counterion binding relates to the formation of an aggregate composed of ionic surfactants, wherein electrostatic repulsion between the headgroups is alleviated. The degree of counterion binding to the micelles influences the size and shape of the aggregates. The degree of counterion binding has been determined by various experimental methods such as conductivity measurements, electromotive force measurements, and NMR experiments 14 18 . The simple two-site model has been used to estimate the concentration of free ions in the aqueous bulk phase and the bound ions in the micellar phase. We have demonstrated that fluorescence quenching studies of SPQ allow for direct measurements of the concentration of halides dissociated from the surfactant 19 . When quenching occurs by collision between SPQ probe and the halide ion quencher, the variation in the fluorescence intensity would be related to the concentration of quencher Q by the Stern-Volmer equation, I 0 /I 1 K SV Q , where I 0 and I are the fluorescence intensities in the absence and presence of the quencher, respectively, and K SV is the Stern-Volmer constant. Figure  2 b shows that the Stern-Volmer plots for the C 12 11SAc and C 12 12SAc systems. The second inflection points were in accord with those of conductivity measurements, corresponding to cvc. The degree of vesicular ionization α v for C 12 12SAc is significantly higher than that of C 12 11SAc. This could be due to the differences in the length of the second alkyl chain, i.e., the length misfit associated with the main alkyl chain. The polar thioester group at the alkyl chain terminal for C 12 12SAc could be conveniently located around the surface of the aggregates, so that resulting in the counterion dissociated from C 12 12SAc. The thioester group of the surfactant in the inner layer of the vesicles could protrude toward the outer layer. The vesicles formed from C 12 12SAc had an interdigitated structure that alleviated the electrostatic repulsion between the headgroups as The vesicle formation in the case of DDAB has been verified by cryogenic transmission electron microscopy studies 9, 10 . The cvc of DDAB can be determined conveniently by the light scattering method 13 . Figure 2 c shows the variations in the intensity of light scattering I s at 346 nm. The I s values for the aqueous DTAB solutions are almost identical to that of water, whereas significant in- Scheme 2 The remarkable growth in 2C 12 12SS aggregates produced by the stimuli responsive thioester surfactants. creases in I s are observed above 0.58 mM of DDAB, which can be determined as the cvc. The opaque blue color of the DDAB solutions suggests vesicle formation. The cvc values for C 12 11SAc and C 12 12SAc are higher than that of DDAB, which is in fair agreement with the values determined by the conductivity method. The results of the conductivity and SPQ fluorescence probe methods are summarized in Table 1 . DLS measurements have been conducted to estimate the hydrodynamic diameter of the aggregates 20, 21 .
The average diameter of the DDAB vesicle is twice that of the C 12 11SAc and C 12 12SAc systems. We calculated the length of alkyl chain l H /nm with carbon number n c using the relation, l H 0.15 0.126 n c , the length of the DDAB surfactant monomer is about 2 nm, leading to a vesicle bilayer thickness of 4 nm. The hydrodynamic diameter of DDAB, as determined by DLS measurements, is 20.7 6.7 nm, and it seems to be a reasonable vesicular size including the inner water phase. These results are in fair agreement with those in the previous reports 12 . On the other hand, the results for pertaining to smaller hydrodynamic diameter of C 12 12SAc suggest that the thioester surfactants adopted an interdigitated packing in the vesicle bilayers. In other words, the thioester group might orient toward the polar water region rather than the hydrophobic region, as shown in Scheme 2.
Growth of the monolayer vesicle to bilayer vesicle in alkaline solution
We further examined the thioester hydrolysis of the C 12 11SAc system in aqueous solutions. The high reactivity of the thioester is partially due to the lack of the resonance stabilization mechanism in the ground state, i.e., the 3p orbital of sulfur overlaps poorly with the 2p orbital of the carbonyl. Hydrolysis of the alkyl thioester is performed via acid and base catalysis 22 . Alkaline hydrolysis is an irreversible reaction that occurs due to the attack of the hydroxide ion on the electron-deficient carbonyl carbon. On the other hand, acid hydrolysis is a reversible reaction that occurs by the protonation of the carbonyl oxygen. Figure 3 shows the HPLC profiles recorded at 210 nm for the incubated C 12 11SAc systems. An aqueous solution of 10 mM C 12 11SAc is incubated at 40 in the presence of 10 mM HCl or 10 mM NaOH. The elution of C 12 11SAc is detected at 2.7 min. Despite incubation for 24 h, the peak area for acidic C 12 11SAc system remains constant but is remarkably reduced for the alkaline C 12 11SAc system. The new elution peak at 11.1 min corresponds to the formation of the disulfide-linked surfactant, 2C 12 11SS. The disulfide cleavage of 2C 12 11SS is confirmed by the addition of DTT. The produced thiol C 12 11SH is detected at 3.0 min, which is somewhat longer than the elution time of C 12 11SAc owing to the elimination of the polar thioester group. The cationic C 12 11SAc aggregates accelerate the alkaline hydrolysis, probably owing to the concentration effect of the opposite charges for OH , whereas such a behavior is considerably inhibited under acidic conditions. The hydrolysis product, C 12 11SH, is prone to be oxidized to disulfide linkage in aerated alkaline solution. Consequently, C 12 11SAc produces to disulfide-linked surfactants, 2C 12 11SS, by the hydrolysis and oxidation processes. *cvc were determined by the abrupt increase in light scattering at 346 nm.
The time course of the alkaline hydrolysis for the thioester surfactant is investigated by HPLC analysis 23 . Figure 4 shows the chromatograms obtained using conductivity detector for C 12 4SAc systems. Aqueous solutions of C 12 4SAc 10 mM are incubated at 25 in the presence of 10 mM NaOH. The elution of C 12 4SAc is detected at 1.7 min, while that of 2C 12 4SS is seen at 3.0 min after incubation for 20 min. The peak area of C 12 4SAc decreases with time, while that of 2C 12 4SS increases. The C 12 4SAc in equimolar NaOH aqueous solution is converted into 2C 12 4SS by the hydrolysis and air oxidation for 4 days. C 12 4SAc and C 12 4SH peaks are not distinguished in the chromatograms, but the decrease in peak area at 1.7 min indicated the decrease in the total concentration of C 12 4SAc and C 12 4SH. The time-course of alkaline hydrolysis was examined by conductivity measurements. The consumption of hydroxide ions with hydrolysis would lead to a decrease in the conductivity of the aqueous solutions for the thioester surfactants. Figure 5 shows the time-course of the conductivity for 2 mM C 12 nSAc upon the addition of 2 mM NaOH, in comparison with that for 2 mM DDAB. The conductivities of the 2 mM DDAB system increased rapidly with the addition of NaOH. The behavior might be due to the presence of hydroxide ions, and the conductivity became almost constant within 2 min. A similar abrupt increase in conductivity also observed for 2 mM C 12 nSAc systems with the addition of NaOH, followed by an exponential decrease in conductivity with the progress of hydrolysis. The conductivities for the C 12 12SAc system reached a constant value within 60 min. The hydrolysis rate for the C 12 12SAc system seemed to higher than that of the C 12 4SAc system. Under these experimental conditions, C 12 4SAc, C 12 11SAc, and C 12 12SAc will exist as monomers, micelles, and vesicles at a thioester surfactants concentration of 2 mM, respectively Table 1 . The concentration effect of the hydroxide ion could be anticipated from the cationic aggregates for the C 12 11SAc and C 12 12SAc systems. Figure 6 shows the size distribution of the C 12 12SAc aggregates before and after incubation for 4 days in 4 mM NaOH at 25 in comparison with that for the DDAB vesicular systems. The C 12 11SAc and C 12 12SAc alkaline solutions gradually became an opaque blue color, indicating the remarkable growth of aggregates. HPLC analysis confirmed the formation of a disulfide-linked surfactant, 2C 12 12SS, and no peaks of C 12 12SAc and C 12 12SH were detected in the chromatogram. The hydrodynamic diameter of the C 12 12SAc vesicles was smaller than that of the DDAB vesicles, whereas the 2C 12 12SS system had significantly large vesicles, with sharper size distributions in comparison with those for DDAB. The average diameter of 2C 12 12SS and 2C 12 11SS vesicles were 123 11 nm and 58.8 2.6 nm, respectively. The elimination of the polar thioester group induced an increase in vesicular size, abolishing the interdigitated packing in the vesicle bilayers. The disulfide linkage could contribute to the stability of vesicles, with disulfide bonds buried in the hydrophobic region, resulting in sharp size distributions of 2C 12 12SS. The disulfide bonds can establish a link between the inner and outer layers and/or neighboring surfactants as illustrated in Scheme 2.
The chemical structure of 2C 12 11SS was consistent with that of a disulfide-linked double tailed surfactant, similar to DDAB. The disulfide linkage between the double tailed surfactants is expected to contribute to the stabilization and growth of vesicles.
CONCLUSION
We succeeded in preparing double tailed surfactants having a thioester group in the terminal part of the second alkyl chain. The stimuli responsive surfactants, C 12 nSAc, gave disulfide-linked gemini surfactants, 2C 12 nSS, upon the alkaline hydrolysis and air oxidation. The experimental data suggested that the polar thioester group of C 12 nSAc n 11, 12 could induce interdigitated packing in the vesicle bilayers, whereas the disulfide bonds buried in the hydrophobic region could contribute to the stability and growth of vesicles.
Fig. 6
The size distribution of C 12 12SAc aggregates before and after the incubation for 4 days in 4 mM NaOH at 25 in comparison with DDAB vesicular systems.
